Room-temperature terahertz (THz) detectors with higher performance are necessary for utilizing the THz wave in various sensing, spectroscopy and imaging, but even the best ones in the present are still insufficient for the practical applications. This issue is essential especially in the region around 1 THz at which there exists a large technology gap between microwave and middle-infrared. Therefore, we study to develop an antenna-coupled microbolometer to achieve a high-performance THz detector operated at a room-temperature for sensing at around 1 THz frequency wave. In this paper, we present several important features and results obtained from electromagnetic simulations, which help to design a structure of the antenna and heater to absorb efficiently the power of THz wave.
Introduction
Terahertz (THz) technology has rapidly grown after the early innovative study on the THz time-domain spectroscopy in 1990's (e.g. [1] [2] ) and the invention and improvement of the THz quantum cascade laser in 2000's [3] [4] . Various demonstrations for application of THz spectroscopy and imaging have been made so far, such as non-destructive inspection of concealed weapons [5] , explosives [6] [7] and illegal drags [8] for security and crime prevention, examination of defects and foreign objects in pharmaceutical tablets [9] and foods [10] , diagnosis of tumors [11] , analysis of DNA molecules [12] , and so on. However, those researches have shown the potential of THz technology, but they have also made the critical issue clear: The present ability of THz technology is still far from demands of actual use in the field like airports, hospitals, factories etc. That is, the overall performance on sensitivity and speed of measurements is poor and the cost of devices necessary for marginal system is very expensive.
Farther research and development of the sources, detectors, optical elements and measuring techniques as well as sensing systems are crucial for extending the utilization of THz waves. Among a lot of issues, we studies THz detectors and detection systems which have high performance in sensitivity and responding speed, convenience in handling and prospective low-cost after development.
It is necessary for the THz detectors with high detectivity to be cooled down to at least around a liquid helium temperature, whereas the best THz detectors operated at a room temperature have much worse detectivity by more than four orders in comparison with the cooled THz detectors. The examples of widely-used cooled THz detectors are a composite bolometer [13] and Ge:Ga [14] [15] and stressed Ge:Ga photoconductors [16] [17] , which have noise equivalent power (NEP) of the order of 10 -14 W/Hz 1/2 or better values at about 4 K. The main drawback to them is the mandatory use of liquid helium which is troublesome to deal with, needs high cost and has concern about future supply.
To solve the above problems partially, we have made a 4K-cryocooled THz photoconductor system which enables to obtain high-detectivity and rapid-response in THz detection operated without liquid helium. We have demonstrated THz passive imaging of roomtemperature objects and evaluated THz emissivity of the material at background-limited performance by the stressed Ge:Ga photoconductor cooled at 4K using a GM mechanical refrigerator [18] .
Antenna-coupled detectors have advantage in absorbing THz power at lower frequencies in THz region. A Bimicrobolometer coupled with an antenna has been studied from 1980s [19] , and a slot-antenna coupled GaAs Schottky-barrier diode has been developed in millimeter-wave region aiming THz detectors [20] . Recently, an array of antenna-coupled microbolometers with a-Si thermistors is fabricated [21] , which NEP still remains in the level of 3×10 -11 W at 2.4 THz in frequency.
Our research target is to make antenna-coupled THz microbolometers and their array on a Si substrate by MOS technology and to achieve high detectivity and fast response for THz wave at around 1 THz in the room-temperature operation. In this paper, we describe a structure of a microbolometer coupled with a halfwave antenna on a Si substrate and execute the electromagnetic simulation for the model to examine the antenna pattern, antenna currents induced by THz irradiation, and the resonance frequency.
Methods
Bolometric-type detectors measure the temperature change caused by absorbing electromagnetic waves as thermal energy. The uncooled microbolometer arrays fabricated using Si technology have been developed in the infrared (IR) region [22] [23] , which have obtained good sensitivity by a film of the absorption and thermistor layer suspended on the air gap. These infrared bolometer works in the THz region too, if the optics transmits and the irradiated film absorbs the THz waves. However, the THz detector need the larger size than the infrared one due to diffraction. For an example, because the effective refractive index n e at the surface of a semi-infinite substrate is 2 / ) ' 1
, where ε' is a relative dielectric constant of the substrate [36], detector size should be about λ/n e for the electromagnetic wave of wavelength λ. This size is 119 μm for Si substrate of ε'=11.669 and at 1 THz frequency (300 μm wavelength). It is difficult to fabricate such a large size of the absorption/thermistor film suspended on the air gap and to reduce the thermal capacitance and conductance.
We have proposed a novel structure for the THz microbolometer by adopting an antenna-coupled type to resolve the problem in the microbolometer with surface absorption [24] .
The design of the THz antenna-coupled microbolometer is shown in Figs. 1 and 2 . The metal antenna is made on the insulation layer of SiO 2 formed on a high-resistivity Si substrate. The heater of a resistor is placed at the center of the antenna and the thermistor together with an insulation layer between them is stacked. The electric lines are connected to the thermistor to flow bolometer current and the take the signal out from the thermistor.
Only the bolometer cell comprising of the heater, the insulation layer and the themistor is suspended on the air gap holed on the substrate. THz wave is irradiated from the back side of the surface on which the antenna is fabricated. This is because the ratio of substrate to air in the power emitted from a dipole antenna is proportional to ε' 3/2 [26] , and hence the antenna efficiency has the same dependence on ε'. This design has superior characteristics as following: (1) Thermal insulation is sustained only between a minute bolometer cell and an antenna on a substrate. (2) This structure brings the benefit of large and fast response in temperature change to rapid increase of THz radiation thorough small thermal capacitance of the bolometer cell. (3) Thermal conductance can be set reasonably small and DC responsivity and a time constant of response can be properly controlled by adjusting the size of bolometer cell though they are conflicting with each other. (4) An antenna load resistor can be determined independently from a thermistor resistor, which makes possible to optimize antenna-impedance and thermistor sensitivity. (5) Epi-structure of the microbolometer is simply deposited with materials used in Si process. Finally, (6) the process necessary for fabricating an air gap is not very difficult because the cavity is small.
Results and Discussion
Electromagnetic Simulations. The electromagnetic simulations of the half-wave antenna on a Si substrate are executed using Aether software of Field Precision LLC [27] , based on there dimensional finite element method (3D-FEM), to examine the electromagnetic field emitted from the antenna and the induced current on the receiving antenna by the irradiated field, and also the HFFS software of ANSYS Inc. [28] is used to analyze impedance and resonance frequency of the antenna.
The antenna model used in the simulation is a half-wave antenna of gold (Au) placed on semi-infinite Si substrate with high-resistivity. Its length (L) and width (W) are 59.56 μm and 6μm respectively: The former is determined from a resonant length L r for 1 THz wave calculated by
where
. The latter is set as small as 1/10 of L. Thickness of the antenna is 0.3μm, larger than the skin depth of Au at 1 THz.
Emitted field. The half-wave antenna on semi-infinite Si substrate is excited by 1 THz-RF current at its center and radiates electromagnetic wave, which electric fields are calculated by the electromagnetic simulation and displayed in Fig. 3 . Fig. 4 shows the antenna patterns in the E-plane and the H-plane. These figures show the major power of electromagnetic wave is emitted into the Si substrate, which is consistent with the ratio ε' 3/2 of substrate to air in the power radiated from a dipole antenna.
Induced current on the antenna. Current induced on the half-wave antenna on a Si-substrate irradiated by 1 THz wave from the substrate side is analyzed by the electromagnetic simulation. Figure 5 displays the current density on the half-wave antenna of all Au. This shows the feature of current is consistent with the theoretical distribution of i(x) = i m cos(π x /L) as a If the half-wave antenna on a Si substrate has a gap of 10 μm in length, the distribution of current density is disconnected at the gap as shown in Fig. 6 . This situation is the same for the antenna with another size of gap. Therefore, the current doesn't flow over the gap in the Si substrate through change in dielectric polarization.
The current distribution is analyzed in Fig.7 , when a Ni:Cr line with the same width of 6 μm as the Au antenna and a thickness of 0.1 μm is placed on the 10 μm gap and connecting to two parts of a half-wave antenna of Au on a Si substrate. This figure shows the current flows through the Ni:Cr line of higher resistivity with the same current density as on the Au antenna. Figure 8 displays the current distribution on the Ni:Cr line with 0.5 μm width and 0.1 μm thickness connecting to the Au antenna, showing the current density on the narrow Ni:Cr line is much larger than on the Au antenna. These results mean the current flow is conserved at the boundary between Ni:Cr and Au. This is important for designing the resistance of heater connected to an antenna because the impedance matching between a heater and an antenna is not necessary. The resistances of the Ni:Cr lines with 6 μm and 0.5μm widths are 6 Ω and 72 Ω respectively and these resistances can be adjusted almost freely to optimize the energy dissipation of the induced current and heat production.
Resonance frequency. Real and imaginary parts of impedance are shown in Fig. 9 as a function of frequency for a dipole antenna with a length of 49 μm and a 10 μm gap on a high-resistivity Si substrate, which is calculated through the electromagnetic simulation. The resonance frequency is extracted as a frequency at which the imaginary part of impedance 
Conclusions
High-performance THz detectors at room-temperature are important for various sensing applications of the THz wave, but even the best detectors in the present are far from the demand of the practical applications. Therefore, we propose and study an antenna-coupled microbolometer on a Si substrate to achieve a highperformance at a room-temperature for sensing at around 1 THz frequency where a infrared-type microbolometer with an absorption film is difficult to be developed., The structure of our detector is simple and convenient to design and easy to fabricate because only a small bolometer cell comprising of heater and thermistor is suspended on an air gap for thermal isolation. It also has potential to realize both high sensitivity and fast response by optimizing the design of the bolometer cell. The electromagnetic simulation demonstrates clearly the high antenna gain to the radiation from the substrate side. The current on an antenna induced by the THz irradiation flows on a heater placed at the center of the antenna, regardless of the heater resistance, meaning the impedance matching is not necessary between the antenna and the heater. Resistance of the heater in which the power almost equal to the available receiving power is as large as 73. 13 Ωfor a half-wave antenna. Irradiation powers absorbed by an antenna and an absorption film are basically the same if such condition as irradiated area and polarization of radiation are almost equal. The antenna length corresponding to the resonance frequency of 1 THz is about 49 μm by the electromagnetic simulation, which is shorter than 56 μm from a simple analytical equation.
